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DISCLAIMER

Thisproject was funded by the Departmentof Energy,NationalEnergyTechnologyLaboratoryan agencyof the United
StatesGovernment,througha supportcontract. Neitherthe UnitedStatesGovernmentnor anyagencythereof,nor anyof
its employees,nor the supportcontractor,nor anyof their employees,makesanywarranty,expressor implied,or assumes
anylegalliability or responsibilityfor the accuracy,completeness,or usefulnessof anyinformation,apparatus,product,or
processdisclosed,or representsthat its usewould not infringe privatelyowned rights. Referenceherein to any specific
commercialproduct, process,or serviceby trade name, trademark, manufacturer,or otherwise does not necessarily
constitute or imply its endorsement,recommendation,or favoring by the United StatesGovernmentor any agency
thereof. Theviewsandopinionsof authorsexpressedhereindo not necessarilystateor reflect thoseof the UnitedStates
Governmentor anyagencythereof.
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ÅAdvanced Materials Development for Hydrogen Service
ÅEnvironmental Barrier Coatings (EBCs) for Ceramic Matrix Composites (CMCs) in hydrogen 

turbines

ÅSteels for high -temperature hydrogen service

ÅTransformational high -temperature (850 ð1,000 C) Ni -based superalloys

ÅAdvanced  Manufacturing of Structural Materials
ÅRobust domestic high performance alloy supply chain

ÅReduce the costs of Ni -based super alloys and enhance cyclic capabilities of materials

ÅCost -effective manufacturing and performance optimization of hydrogen resistant superalloys 
through Wire -Arc Additive Manufacturing (WAAM)

ÅPerformance of Advanced Materials for Advanced Energy Systems
ÅImpacts of hydrogen on materials performance and safety 

ÅDesign tool for life prediction of CMCs and T/EBCs in hydrogen turbines

ÅExpand performance prediction tools to hydrogen effects

Hydrogen Production w/CCS and Hydrogen Utilization

Addressing the Advanced Energy Materials Program Goals 
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Environmental Barrier Coatings for Protection of Ceramic 
Matrix Composites in Hydrogen-Based Turbines
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Design and Evaluation of Environmental Barrier Coatings for Protection 
of Ceramic Matrix Composites in Hydrogen-Based Turbines

By producing performance data of existing EBCs 
and designing new EBCs with increased durability 
in hydrogen combustion environments, this project 
will help to commercialize high-efficiency hydrogen 
gas turbines.

Objective: Design and validate environment barrier coatings 
(EBCs) for protection of ceramic matrix composite (CMC) 
materials in the hottest portions of gas turbines fueled by pure 
hydrogen or hydrogen blends.

ü Generate performance data to inform the use of current 
EBCs in hydrogen gas turbines.

ü Design new EBCs with improved performance needed to 
enable future high-efficiency hydrogen gas turbines.

¢ŜŀƳΥ wΦ hƭŜƪǎŀƪΣ mΦ 5ƻƐŀƴΣ aΦ DŀƻΣ {Φ IŀƻΣ /Φ /ŀǊƴŜȅ
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Developing Capabilities for EBC Testing

Milestone: Design and build a test rig to enable EBC testing in 
simulated hydrogen combustion environments. Effort Ongoing

Simulating gas turbine environments is challenging:
Å Ultrahigh temperature (1500 °C +)
Å Complex gas mixtures
Å Elevated pressure
Å High gas velocities
Å Thermal cycling

This laser-based heating rig will closely simulate gas turbine 
environments to enable performance evaluation of existing and 
newly designed coatings.

Milestone: Establish a partnership to deposit EBCs using air plasma 
spray methods. Complete
Å A partnership has been established with Praxair Surface Technologies, 

a leading producer of coating equipment and services.

Laser

Pyrometer

Samples

Gas jet
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Computational Design of New EBCs

Approach: Utilize DFT calculations with combinatorial chemistry methodology to design new EBC systems

Initial Focus: Rare earth disilicate system

Mechanical Properties
Å Bulk Modulus
Å Youngs Modulus
Å Shear Modulus
ÅtƻƛǎǎƻƴΩǎ wŀǘƛƻ
Å Vickers Hardness

Elastic Constants

Phonon Dispersion
Thermal Properties
Å Coefficient of 

Thermal Expansion
Å Thermal Conductivity

Structure 
Calculation
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Computational Design of New EBCs

Promising new coating compositions identified in 
the rare earth disilicate system:

ÅVery good agreement between calculated and 
experimental CTE and thermal conductivity for 
current EBC materials such as Yb2Si2O7.

ÅCalculations enable determining mixed rare earth 
disilicates with optimal CTE match and ultralow 
thermal conductivities, without compromising 
mechanical properties.

Turceret al., Scripta Mater. 154 (2018)

Tian et al., J. Eur. Ceram. Soc. 36 (2016)

Milestone: Design new EBC with enhanced performance 
using computational approach. Complete (and ongoing!)

Future efforts will focus on:
Å Experimental validation and performance testing.
Å Integrating advanced coating concepts such as self-

healing strategies.
Å Strategies to further increase temperature 

capability (moving beyond Si bond coats).

S. Hao, R.P. Oleksak, Ö.N. 5ƻƐŀƴ, M.C. Gao, Computational Design of Yttrium-Rare Earth Alloyed Disilicates as Environmental Barrier Coatings, Manuscript Submitted.

NETL results

NETL results
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Design tool for crack-resistant ceramic matrix composites and 
environmental barrier coatings in hydrogen turbines 

Objective: Develop physics-based computational models to predict fracture and crack growth in 
ceramic matrix composites (CMCs) and environmental barrier coatings (EBCs) and provide 
guidance for materials design in hydrogen turbines targeting a low-carbon economy.

Program Linkage: Predicting capability of damage and fracture in CMCs and EBCs facilitates 
public confidence and welfare by supporting safety analyses regarding hydrogen blending, 
development of materials compatible with hydrogen that ensure the safe use of hydrogen in 
hydrogen turbines. 

Challenge: Physics-based modeling is largely missing for predicting life of CMCs and EBCs due to 
the complex interactions among various factors. For CMCs, it is required to integrate interfacial 
sliding, matrix cracking, and fiber breakage in CMCs as well as the effect of thermal cycling and 
possible phase transformation. For EBCs, it is required to consider crack growth and spallation 
of EBCs under the influence of thermal cycling and environmental effects. 

Our Approach: Develop first-of-its-kind models for fracture and cracking of CMCs and EBCs in 
hydrogen turbines incorporating explicitlythe effects of materials microstructure and operating 
conditions.

Outcome: Computational tools for CMCs and EBCs microstructure optimization for hydrogen 
turbines.

Cheng et al. Int J. Plast. (2019)  
Xue et al. npj Comput. Mater. (2022)
Xue et al. IJHE (2023) 

PI: Youhai Wen; Key Staff: Tianle Cheng and Fei Xue


